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Abstract
Primary ciliary dyskinesia (PCD) is a genetic disorder causing motile ciliary dysfunction primarily affecting the 
respiratory and reproductive systems. However, the impact of PCD on the central nervous system remains poorly 
understood. Rodent models of PCD exhibit marked hydrocephalus leading to early animal mortality, however, most 
humans with PCD do not develop hydrocephalus for unknown reasons. We hypothesized that patients with PCD 
exhibit sub-clinical ventriculomegaly related to ependymal motile ciliary dysfunction. We demonstrated highly 
specific expression levels of known PCD-related genes in human brain multiciliated ependymal cells (p < 0.0001). To 
assess ventricular size, computed tomography sinus images from patients with PCD (n = 33) and age/sex-matched 
controls (n = 64) were analysed. Patients with PCD displayed significantly larger ventricular areas (p < 0.0001) and 
Evans index (p < 0.01), indicating ventriculomegaly that was consistent across all genetic subgroups. Ventricular 
enlargement correlated positively with increasing age in patients with PCD compared to controls (p < 0.001). 
Additionally, chart review demonstrated a high prevalence (39%) of neuropsychiatric/neurological disorders in adult 
PCD patients that did not correlate with degree of ventriculomegaly. Our findings suggest that patients with PCD 
may have unrecognized, mild ventriculomegaly which correlates with ageing, potentially attributable to ependymal 
ciliary dysfunction. Further study is required to determine causality, and whether ventricular enlargement 
contributes to neuropsychiatric/neurological or other morbidity in PCD.
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Introduction
Primary ciliary dyskinesia (PCD) is a rare genetic disor-
der affecting motile ciliary function, with a prevalence 
of at least 1:7600 worldwide [1]. Variants in > 50 unique 
genes result in disease-causing, ciliary ultrastructural 
defects, including outer dynein arm (ODA) defects, outer 
plus inner dynein arm (ODA + IDA) defects, IDA defects 
plus microtubule disorganization (IDA/MTD), central 
apparatus/radial spoke (CA/RSP) defects, or oligociliary 
defects with vast reductions in cilia number to only a few 
per cell [2]. In PCD, ciliary dysfunction usually affects 
respiratory cilia in the airways, nodal cilia in the left-right 
organizer of developing embryos, and reproductive cilia/
flagellae. This dysfunction produces chronic cough and 
rhino-sinusitis, recurrent pneumonia with development 
of bronchiectasis, recurrent otitis media, left-right organ 
laterality defects, and subfertility.

The cerebral ventricles of the brain are lined with mul-
ticiliated ependymal cells where motile cilia beat in syn-
chrony to aid in local circulation of cerebrospinal fluid 
(CSF) [3]. A preponderance of murine PCD models 
suggests disruption of ependymal ciliary function leads 
to hydrocephalus, a condition characterized by exces-
sive accumulation of CSF in the cerebral ventricles. In 
knock out mouse models of PCD, variants in numerous 
different ciliary genes affect ependymal ciliary beating 
and appear to cause congenital hydrocephalus leading 
to early animal mortality [4–8]. Studies have also shown 
perturbed CSF flow as a direct result of ciliary defects. 
For example, the specific PCD-related genotype HYDIN 
(resulting in central apparatus defects) was initially dis-
covered as a hydrocephalus causing defect in mice [9] 
and was later described in PCD-affected humans without 
hydrocephalus [10]. The pathology of hydrocephalic mice 
with HYDIN mutants seems to involve defects in CSF 
communication and absorption into the subarachnoid 
space, and edema in the extracellular space related to cili-
ary dysfunction. However, extensive phenotyping studies 
of large PCD patient populations do not show the devel-
opment of hydrocephalus in humans [11–13], aside from 
rare cases with variants in genes affecting the NOTCH-1 
signaling pathway, such as CCNO [14], FOXJ1 [15], and 
MCIDAS [16]. The cause for this discrepancy between 
human and rodent studies is not clear.

With the pervasiveness of ependymal ciliary dys-
function and hydrocephalus in murine PCD models, 
we hypothesize that people with PCD may have unrec-
ognized, subtle ventriculomegaly that could be related 
to ependymal ciliary dysfunction. The pathology by 
which ciliopathies could cause ventriculomegaly in 
humans is still unclear, however, multiple mechanisms, 
including those uncovered in mouse models (cellular 
edema or defects in bulk CSF flow, reduced clearance 
of CSF solutes, defects in pre- or post-natal neurologic 

development) could be present [17–19]. While ventricu-
lar enlargement in patients with PCD may not present 
with clinical symptoms severe enough to warrant brain 
imaging, most patients undergo computed tomography 
(CT) of the head to evaluate chronic sino-nasal disease, 
providing a means to indirectly assess intracranial anat-
omy. We demonstrate that PCD-associated genes are 
exclusively expressed by human ependymal cells in the 
brain and provide the first evidence to suggest that there 
is broad ventricular enlargement in patients with PCD 
that correlates with age.

Materials and methods
Human brain donors underwent medical assistance in 
dying for various causes, including Multiple Sclerosis, 
Amyotrophic Lateral Sclerosis, or other (see Supple-
mentary Table  1). Tissue samples (n = 7) were obtained 
from the lateral horn of the lateral ventricle, adjacent 
to the caudate nucleus. As the cells in this dataset were 
from periventricular/ventricular wall whole brain tissue, 
there was no cell sorting. To remove debris from whole 
cells, tissue was first dissociated and then a density gra-
dient was used. Cell suspensions were loaded into a 10x 
Chromium machine for GEM generation. Libraries were 
prepared per manufacturer’s recommendations and sub-
sequently sequenced. Fastq files were generated and used 
as input into the cellranger software, which generated 
filtered count matrices that were imported in R (v.4.2.3) 
using the Seurat (v4.3.0.1) package. Datasets were pre-
processed, normalized and integrated using standard 
Seurat functions. PCA, UMAP, and gene expression cal-
culations were also conducted using Seurat. A merged 
object of all periventricular datasets was used for analy-
sis, and the transcriptomic profile of the ependymal cell 
cluster was defined by high expression of multiple cilia-
associated genes such as FOXJ1, PIFO, DYNLRB2, and 
CCDC153 [20, 21]. To determine the significance of aver-
age expression values for each PCD gene in ependymal 
cells compared to all other brain cell types, non-paramet-
ric Kruskal-Wallis tests and Dunn’s multiple compari-
son’s tests were conducted in GraphPad Prism (v8.0.1) 
using raw counts exported from R (Fig. 1).

We retrospectively obtained clinical CT head images 
(mainly for chronic sinusitis) in patients with PCD. All 
patients displayed chronic oto-sino-pulmonary infec-
tions as expected with PCD, but none had a clinical his-
tory of infections involving the central nervous system. 
A PCD diagnosis was confirmed through biallelic vari-
ants within one PCD gene and/or a classic ultrastruc-
tural defect on ciliary transmission electron microscopy 
(see Supplementary Table 2). Genetic analyses were 
performed through various commercial genetic panels 
investigating variants in > 40 PCD-causing genes [22], but 
no additional analyses were performed on other genes 
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implicated in hydrocephalus. For each PCD case, two 
control scans were obtained from sex and age-matched 
(within 6 months) trauma patients who lacked radio-
logic head injuries. Two trauma control scans were used 
twice due to limited availability of age and sex matched 
control scans. Further clinical information on control 
scan patients, including presence of neuropsychiatric 
illness, was unavailable. As differing clinical imaging 
protocols were employed between PCD patients and con-
trols, some findings may have been differentially altered, 
including image quality, angling of the head, and axial 
slice thickness. To ensure accurate comparison despite 
protocol differences, images were manually reviewed, 
and only scans capturing the lateral ventricles adequately 
for our measurement protocols were included. Angling 
of the head was addressed by normalizing measurements 
to skull size, which scales with angling, and by following 
established practices for the Evans index, which is mea-
sured using the largest diameter of the frontal horns and 
is captured at any imaging angle. Differences in axial slice 
thickness were negligible in the context of measuring 
gross structures spanning many slices.

We compared scans from PCD cases to controls on 
two measurements calculated using Bee DICOM Viewer 
software: the normalized ventricular area and the Evans 

index (Fig.  2A-D). For the normalized ventricular area, 
lateral ventricles were manually traced on the single axial 
slice where they appeared the largest (tracing examples 
shown in Fig. 2C-D). If there was doubt regarding which 
axial slice displayed the largest axial area, measure-
ments were taken on multiple adjacent axial slices. Bee 
DICOM Viewer automatically calculated the area within 
the traced limits, which was recorded as the largest 
axial area. Head circumference was measured by manu-
ally tracing the outline of the head on a single axial CT 
image slice above the ears. Normalized ventricular area 
was calculated as the ratio of the largest axial area of the 
lateral ventricles and the head circumference. The Evans 
index, a validated clinical measurement for the diag-
nosis of hydrocephalus [23], was calculated using the 
same approach as above, where the width of the frontal 
horns and the internal diameter of the skull were mea-
sured manually on the same axial slice and their ratio 
was recorded as the Evans index (measurement exam-
ples shown in Fig. 2A-B). Scans for patients over age 40 
were scored for atrophy using the global cortical atro-
phy (GCA) scale and the medial temporal atrophy score 
(MTA). Clinical charts of PCD cases were reviewed for 
neurologic or psychiatric illness. Normalized ventricu-
lar areas and Evans index measurements were compared 

Fig. 1  PCD-associated genes are specifically expressed in brain ependymal cells. (A) UMAP of cell types captured from sequencing of 13 periventricular 
human datasets from 7 patients. The ependymal cell cluster is identified by a brown colour. (B) Dot plot of PCD gene expression in all periventricular cell 
types (fibroblasts, oligodendrocyte precursor cells, vascular smooth muscle cells, ependymal cells, T cells, endothelial cells, oligodendrocytes, microglia 
and astrocytes) indicating that PCD genes are specifically expressed in ependymal cells (p < 0.0001). Average expression values are denoted by a colour 
scale, with blue indicating low expression and red indicating high expression. Dot size is representative of the percent of cells expressing the gene. (C) 
Feature plots demonstrating specific expression of three representative PCD-associated genes in ependymal cells: DNAH11, CCDC39 and HYDIN. Colour 
indicates gene expression level, with grey indicating low expression and blue indicating high expression
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Fig. 2  Normalized ventricular area and Evans index are larger in PCD that control groups. (A) Axial slice of the head CT from a patient with PCD from 
DNAH5 variants with Evans index measurement - ratio of the maximum width of the frontal horns of the lateral ventricles and the maximal internal diam-
eter of the skull at the same level. (B) Axial slice of head CT from corresponding age and sex matched control for the patient in (A) with Evans index mea-
surement. (C) Axial slice of head CT from patient with PCD from DNAH11 variants, with measurement of ventricular area. (D) Axial slice of head CT from 
corresponding age and sex matched control for patient in (C) with measurement of ventricular area. (E) Mean normalized ventricular area is significantly 
larger in patients with PCD (0.21 ± SD0.12) than in the Control group (0.12 ± SD0.05), ****p < 0.0001. (F) Mean Evans index is significantly larger in patients 
with PCD (0.26 ± SD0.05) than in in the Control group (0.22 ± SD0.06), **p < 0.01. (G) Normalized ventricular area plotted against age shows that ventricle 
size increases significantly more with advancing with age in patients with PCD (β = 0.005, p < 0.001) than in controls (β = 0.0009, p < 0.05)
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between PCD and control scans. PCD cases were also 
grouped according to class of genetic defect for subgroup 
analysis: (1) Dynein arm defects, (2) IDA/MTD defects, 
or (3) Oligocilia/CA/RSP defects. Rank-sum tests on yes 
and no categories were used to compare normalized ven-
tricular area and Evans index in the PCD group with the 
control group. Multivariate logistic regressions of nor-
malized ventricular area and Evans index were performed 
for the PCD group with reference to the control group, 
and within PCD genetic subgroups (IDA/MTD and oli-
gocilia/CA/RSP group with reference to the Dynein arm 
defects group). Finally, multivariate logistic regressions of 
normalized ventricular area and Evans index were per-
formed on neuropsychiatric diagnosis (yes/no) within the 
PCD group. All models were adjusted for age and sex.

Results
Expression levels of genes that are commonly mutated 
in PCD were evaluated in a human ventricular/periven-
tricular single cell RNA sequencing dataset to determine 
whether expression was specific to brain ependymal 
cells (Fig. 1A). We were able to capture all but two of our 
PCD cohort’s genes in our dataset (DNAAF11/LRCC6, 
DNAAF17/CFAP300), both of which corresponded to 
one PCD patient. There was considerable variation for all 
PCD-associated genes assessed, including in the percent-
age of ependymal cells and the average expression values 
per ependymal cell that expressed each gene (Fig.  1C). 
Even so, PCD-associated genes were expressed specifi-
cally (p < 0.0001) in human brain ependymal cells com-
pared to other periventricular cell types captured in our 
samples (fibroblasts, oligodendrocyte precursor cells, 
vascular smooth muscle cells, immune cells, endothelial 
cells, oligodendrocytes, microglia and astrocytes) (Fig. 1B 
and C). Even for genes where the percentage of cells 
expressing that gene was relatively small (CCDC103/
DNAAF19, DNAAF2, CCNO), the average expression of 
the gene in ependymal cells was significantly higher than 
in other periventricular cell types (Fig. 1B).

Clinical CT scans were available for 47 patients with 
confirmed PCD, but only 33 scans (mean age 27.3 ±  SD 
15.2 years, 36% male) captured enough of the ventricles 
for full analysis. These were compared to 64 age and sex 
matched trauma control scans. Patients with PCD had a 
larger mean normalized ventricular area (PCD 0.21 ±  
SD 0.12, control 0.12 ±  SD 0.05, p < 0.0001) and Evans 
index (PCD 0.26 ±  SD 0.05, control 0.22 ±  SD 0.06, 
p < 0.01) compared to controls (Fig.  2A-F, Supplement 
Table 2). With logistic regression, the odds ratios for nor-
malized ventricular area and Evans index were 1.202 (95% 
CI: 1.10–1.31) and 1.139 (95% CI: 1.04–1.25) respectively, 
indicating that individuals with larger cerebral ventri-
cles were more likely to belong to the PCD group than 
the control group (Table  1). Three patients in the PCD 

group had an Evans index above the cut-off (0.31) for a 
clinical diagnosis of ventriculomegaly [23]. Shunt inser-
tion was not necessary for any of the affected individu-
als. A bimodal distribution in Evans index was noted in 
control patients (Fig.  2F) which could not be attributed 
to differences in age, sex, image quality, or patient posi-
tioning given the nature of the measurement. Linear 
regression revealed that ventricular size increased mark-
edly with age in patients with PCD ( β =0.005, p < 0.0005) 
but remained relatively constant in controls ( β =0.0009, 
p < 0.05) (Fig. 2G). There was no significant brain atrophy 
in PCD patients > 40 years old compared with controls 
(Supplementary Table 3). Only one patient, a 65-year-
old female with DNAH5 variants (patient ID: PCD11), 
had signs of more significant brain atrophy than their 
controls, with an MTA score of 2. This patient also had 
significant visual disturbances, which may have resulted 
from optic neuritis associated with prolonged etham-
butol use during therapy for an atypical mycobacterium 
respiratory infection. Intracranial and intraocular pres-
sure were not known in this patient at the time of this 
study.

Computed tomography scans from patients with PCD 
were categorized into three genetic subgroups depending 
on the PCD gene affected: (1) IDA/MTD defects (n = 6 
total; n = 3 CCDC39, n = 3 CCDC40), (2) Dynein arm 
defects (n = 20 total; n = 8 DNAH11, n = 4 DNAH5, n = 2 
DNAAF3, n = 1 for each of DNAI1, DNAAF2, DNAAF4, 
DNAAF11, DNAAF17, DNAAF19), or (3) Oligocilia/
CA/RSP (n = 7 total; n = 1 CCNO, n = 5 HYDIN, n = 1 
RSPH4A). Normalized ventricular area and Evans index 
were similar across genetic subgroups compared to con-
trols and within the subgroups when we compared all 
PCD catagories to the dynein arm defect category (used 
as our reference group given this group encompassed the 
most PCD patients).

A diagnosis of neurologic or psychiatric illness was 
present in 9 of 23 (39%) adults with PCD (with only one 
patient being purely a neurologic diagnosis). This is ele-
vated over the 12.5% population prevalence of neuropsy-
chiatric illness per the World Health Organization [24]. 
Diagnoses included depression, dyslexia, schizophrenia, 
anxiety, migraines, leg weakness/paresthesia, and vision 
loss. Depression was the most common diagnosis in 36% 
of adults (Table 2). Pediatric patients with PCD had less 
neuropsychiatric diagnoses, with 2 out of 10 patients 
(20%) affected mainly by attention deficit/hyperactivity 
disorder. Normalized ventricular area and Evans index 
did not correlate with the presence of a neuropsychiatric 
disorder (p = 0.2 and p = 0.4, respectively).
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Discussion
PCD is a genetic disorder that impairs motile ciliary 
function throughout the body. Most PCD-related gene 
variants cause severe hydrocephalus in murine models, 
yet in humans, hydrocephalus only arises with variants 

in a few, rare oligociliary genotypes related to NOTCH-1 
signaling. Our analysis clarifies that, in fact, people with 
PCD do, more generally, have abnormal features of the 
brain, such as mild ventricular enlargement compared to 
controls and even frank ventriculomegaly in some cases. 

Table 1  Descriptive statistics and logistic regression of 
normalized ventricular area and Evans index on multiple 
outcomesa

PCD group 
(n = 33)

Control group (n = 64)

N % of 
Total

N % of 
Total

p-valueb

Male 12 36.4 24 37.5 0.9126
Female 21 63.6 40 62.5

Mean SD Mean SD p-valuec

Age at Scan (years) 27.30 15.22 27.06 15.27 0.9331
Head Circumference (cm) 53.39 2.53 54.48 2.49 0.0522
Normalized Ventricular 
Areag

0.21 0.12 0.12 0.05 < 0.0001

Evans Indexh 0.26 0.05 0.22 0.06 0.0056
Normalized ventricular aread Evans indexe

Odds ratio 95% CI p-value Odds ratio 95% CI p-value
PCD Group (n = 33) 1.202 (1.10–1.31) < 0.0001 1.139 (1.04–1.25) 0.0072
Genetic subgroupf

Dynein Arm defects (n = 20)g 1.000 1.000
IDA/MTD defects (n = 6)h 0.988 (0.89–1.10) 0.8192 0.956 (0.79–1.16) 0.6480
Oligocilia/CA/RSP defects (n = 7)i 1.084 (0.96–1.22) 0.1897 1.190 (0.88–1.60) 0.2535
Neuropsychiatric diagnosis 1.062 (0.97–1.16) 0.1764 1.086 (0.90–1.32) 0.4036
aMultivariate models adjusted for age and sex
bChi-square/Fischer exact tests on Yes and No and categories
cRank sum test on Yes and No categories
dRatio of ventricular area and head circumference
eRatio of the maximum width of the frontal horns of the lateral ventricles and the maximal internal diameter of the skull at the same level
fIDA = inner dynein arm defect, MTD = microtubule disorganization, CA = central apparatus, RSP = radial spoke defect

gDNAH11 (N = 8), DNAH5 (N = 4), DNAAF3 (N = 2), DNAI1 (N = 1), DNAAF2 (N = 1), DNAAF4 (N = 1), DNAAF11 (LRCC6) (N = 1), DNAAF17 (CFAP300) (N = 1), DNAAF19 (CCDC103) (N = 1)
hCCDC39 (N = 3), CCDC40 (N = 3)
iHYDIN (N = 5), CCNO (N = 1), RSPH4A (N = 1)

Table 2  Neurologic and psychiatric diagnoses in participants with PCD
ID Age Sex Genetic subgroupa PCD gene Neurologic/psychiatric diagnosis
PCD1 14 F Dynein arm defects DNAH5 ADHDb

PCD2 16 F IDA/MTD defects CCDC40 ADDc

PCD3 19 M Oligocilia/CA/RSP defects HYDIN ADHD, dyslexia
PCD4 19 M Dynein arm defects DNAAF11 (LRRC6) Autism, developmental delay
PCD5 19 F Oligocilia/CA/RSP defects HYDIN ADD, depression
PCD6 22 F Dynein arm defect DNAH5 Schizophrenia
PCD7 23 F Oligocilia/CA/RSP defects RSPH4A ADHD, anxiety, depression
PCD8 24 M Dynein arm defects DNAAF2 Depression, migraine headaches
PCD9 48 F Dynein arm defects DNAAF3 Depression
PCD10 52 F Dynein arm defects DNAH11 Depression
PCD11 65 F Dynein arm defects DNAH5 Leg weakness/paresthesias, vision lossd

aIDA = inner dynein arm defect, MTD = microtubule disorganization, CA = central apparatus RSP = radial spoke defect
bAttention deficit hyperactivity disorder
cAttention deficit disorder
dThis patient received ethambutol, which is known to cause optic neuritis and other visual disturbances
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Based on our gene expression data, PCD genes were spe-
cifically expressed by ependymal cells. While the causal 
link between ependymal ciliary dysfunction and ventric-
ulomegaly in humans remains unknown, our data could 
suggest defects in this glial cell may represent a possible 
mechanism behind ventriculomegaly in PCD.

Ventricular enlargement in PCD appears to worsen 
with age, as adults > 40 years old generally showed larger 
differences in normalized ventricular area compared 
to age-matched controls. Given this, we were curious 
whether it relates to idiopathic normal pressure hydro-
cephalus (iNPH), which is also a disease characterised by 
ventriculomegaly where prevalence increases with age. 
There are suggestions of cilia-related defects in genome-
wide association studies of iNPH [25], including CFAP43 
[26] and CWH43 [27]. However, no epidemiology studies 
have suggested an association between PCD and iNPH. 
Our data includes mostly young patients with PCD, 
which is a common limitation because well-defined PCD 
research cohorts have only recently been developed, and 
the average age of diagnosis is ~ 6 years [28]. Thus, most 
PCD research cohorts worldwide are skewed to include 
younger patients, and with this age bias, researchers may 
not easily appreciate the ventriculomegaly that appears 
to worsen with age.

To date, there are no publications broadly linking PCD 
with neurologic disease. iNPH is classically associated 
with gait disturbance, cognitive impairment, and urinary 
incontinence in patients > 60 years of age [29] – though 
none of our patients displayed these classic symptoms. 
Rather, we observed many non-specific neurologic issues 
and psychiatric manifestations, which have previously 
been linked to ventriculomegaly and hydrocephalus 
[30–32]. Among pediatric patients, these were primarily 
neurodevelopmental disorders (attention deficit/hyper-
activity disorders). Interestingly, there have been pre-
vious findings of increased amounts of extra axial CSF 
(enlarged subarachnoid space) in patients with autism 
[33]. Cerebral ventriculomegaly has also been reported 
in patients with schizophrenia [34]. It is unclear if the 
observed increase in neuropsychiatric illness in our 
PCD cohort was related to pathogenesis driven by ven-
triculomegaly or other factors such as psychosocial 
stress stemming from having a chronic respiratory dis-
ease. One recent psychological screening of patients 
with PCD showed 30–40% had depression or anxiety, 
consistent with our findings [35]. Further study of CNS 
issues in larger PCD patient cohorts, including in-depth 
neuropsychiatric testing/questionnaires and longitudi-
nal functional brain imaging, may help to determine how 
ventriculomegaly is associated with neuropsychiatric 
outcomes in this patient population.

Genotype-phenotype correlation studies in PCD have 
consistently shown that IDA/MTD defects or biallelic 

variants in corresponding CCDC39 or CCDC40 genes 
result in severe respiratory and nutritional outcomes 
compared to PCD caused by dynein arm defects [36]. 
This trend was not seen in the ventricular effects of our 
PCD cohort, as the three genetic subtype groups, includ-
ing IDA/MTD defects, have similar measures of ventricle 
size. In other PCD genotypes affected by splice variants 
or hypomorphic changes, respiratory outcomes may be 
milder [37, 38]. However, our relatively small number of 
PCD cases did not afford enough power to perform this 
type of genetic analysis. Perhaps with larger cohorts of 
PCD patients, including a wide spectrum of genotypes, 
genotype-phenotype relationships would be apparent.

The discrepancies between ventriculomegaly in 
humans and rodent models is a current topic of debate, so 
our findings are timely [39]. Many hypothesize that PCD 
variants have a devastating impact in smaller animals as 
ependymal cilia motility is more important in narrower 
tubes and ventricular systems due to their small size. The 
fact that ependymal motile cilia do not scale with ven-
tricle size in higher-order animals lends support for this. 
However, cilia likely have diverse roles in maintaining 
CNS homeostasis, for example, through local circulation 
of CSF and exchange with interstitial fluids, distribu-
tion and clearance of intracranial solutes, and pre- and 
post-natal neurologic development [17–19]. It is possible 
that ventriculomegaly results from ependymal cell dys-
function in humans through a combination of multiple 
mechanisms that have yet to be explored. Nonetheless, 
given multiple PCD genotypes in our cohort contributed 
to the overall effect of ventriculomegaly, it suggests that 
ependymal cilia defects are a strong contender for driving 
ventriculomegaly. At the very least, our findings pose the 
question of why ventriculomegaly is observed in patients 
with PCD, if not for ependymal ciliary dysfunction.

Interestingly, ventriculomegaly has been reported on 
prenatal ultrasound in a small number of infants diag-
nosed with PCD, but their ventriculomegaly apparently 
resolves by the time of birth [40, 41]. The ependymal cell 
layer begins differentiating in the human brain as early as 
21 weeks gestational age (and fully matures by ~ 7 months 
of age) [42], so the observed prenatal ventriculomegaly 
may be a direct result of the absence of functional motile 
cilia in early embryonic development, but this does not 
explain why this largely recovers in the early postnatal 
year. It also does not explain the age-related increase in 
ventriculomegaly that we observed later in life. Our find-
ing that ventriculomegaly becomes more severe with age 
could suggest that vasomotor tone and gravity (the main 
drivers of bulk CSF flow) are able to partially compen-
sate for ciliopathy-related ventricular dilation for most of 
one’s life, but later in life this compensatory mechanism 
is inadequate. The reason for this is unknown but could 
arise from accumulation of toxic solutes over time and 
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alterations in local CSF exchange with interstitial fluid 
[43, 44].

As with any observational study, a limitation is that 
clear cause and effect relationships are challenging to 
draw. Ventricular dilation may be multifactorial and is 
difficult to investigate in the context of aging or brain 
atrophy. Our patient scans were investigated for brain 
atrophy, and we did not observe any major bias in PCD. 
Only one patient with PCD had an elevated MTA score 
versus controls, and this was our oldest participant at 
age 65 (patient ID: PCD11). Thus, changes in overall 
brain volume do not appear to account for the ventricu-
lar enlargement we see in the PCD group. Another pos-
sibility is that the chronic oto-sino-pulmonary infections 
seen in patients with PCD, although outside of the cen-
tral nervous system, may impact brain function, result-
ing in processes that contribute to ventriculomegaly 
and neurological or psychiatric disease. In light of the 
COVID-19 pandemic, recent studies have shown that 
respiratory infections can indeed have lasting impacts on 
brain health [45].

In conclusion, our results implicate PCD in a neuro-
logic disease process on top of its well-studied effects 
in the respiratory and reproductive systems. We found 
that patients with PCD have sub-clinical ventriculo-
megaly which worsens with age and is consistent across 
PCD genotypes. We showed specific expression of PCD-
related genes in ependymal cells, raising the question 
whether ependymal ciliary dysfunction may contribute 
to the observed ventriculomegaly in this population. 
These findings require further validation, particularly at 
the molecular level, in animal and human models. Finally, 
given the high prevalence of neuropsychiatric illness in 
this population, neurologic and psychiatric screening 
should be considered in patients with PCD.
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